During the process of evolution, ancestral lysozymes evolved into calcium-binding lysozymes by acquiring three critical aspartate residues at positions 86, 91 and 92. To investigate the process of the acquisition of calcium-binding ability, two of the aspartates were partially introduced into human lysozyme at positions 86, 91 and 92. These mutants (HLQ86D, HLA92D and HLQ86D/D91Q/A92D), having two critical aspartates in calcium-binding sites, were expressed in Escherichia coli as non-active inclusion bodies. For the preparation of lysozyme samples, a refolding system using thioredoxin was established. This system allowed for effective refolding of wild-type and mutant lysozymes, and 100% of activity was recovered within 4 days. The calcium ion dependence of the melting temperature (T m ) of wild-type and mutant lysozymes was investigated by differential scanning calorimetry at pH 4.5. The T m values of wildtype, HLQ86D and HLA92D mutants were not dependent on calcium ion concentration. However, the T m of HLQ86D/ D91Q/A92D was 4°higher in the presence of 50 mM CaCl 2 than in its absence, and the calcium-binding constant of this mutant was estimated to be 2.25(Ϯ0.25)ϫ10 2 M -1 at pH 4.5. Moreover, the calcium-binding ability of this mutant was confirmed by the result using Sephadex G-25 gel chromatography. These results indicate that it is indispensable to have at least two aspartates at positions 86 and 92 for acquisition of calcium-binding ability. The process of the acquisition of calcium-binding site during evolution of calcium-binding lysozyme is discussed.
Introduction
Chicken type lysozyme (lysozyme c) and α-lactalbumin appear to have evolved from a common ancestral protein, as evidenced by the similarity of their amino acid sequences (Brew et al., 1970) and three-dimensional structures (Smith et al., 1987; Acharya et al., 1989) . All α-lactalbumin are calcium-binding proteins, but lysozymes are separated into two groups, namely conventional, non-calcium-binding lysozyme and calciumbinding lysozyme. In some proteins, metal ions (e.g., calcium ions) are known to act as stabilizers through their electrostatic interaction (Ingraham and Swenson, 1983; Pace and Grimsley, 1988; Pantoliano et al., 1989) . One example is α-lactalbumin, the tertiary structure of which is stabilized by a calcium ion (Hiraoka et al., 1980; Kronman et al., 1981) .
Based on X-ray crystallography of baboon, guinea-pig, goat and bovine α-lactalbumin, the calcium-binding site is composed of three critical aspartate residues (Asp86, Asp91 and Asp92) and two main-chain carbonyl groups (Stuart et al., 1986; Pike et al., 1996) . Equine and pigeon lysozymes, both of which contain the carboxyl groups of Asp86, Asp91 and Asp92, have been reported to have a calcium-binding potential (Nitta et al., 1987 (Nitta et al., , 1988 . Based on these reports, it seems evident that these lysozymes obtain calcium-binding ability by acquiring three critical aspartate residues. However, it would have been highly difficult for these lysozymes to acquire these three residues simultaneously. It is possible that an intermediate lysozyme, containing perhaps two of the three critical residues, existed at some point during the evolution from ancestral non-calcium-binding lysozyme to calciumbinding lysozyme. If this hypothesis is correct, the intermediate would have demonstrated a weak calcium-binding ability. In human lysozyme, the carboxyl group of Asp91 is present, but the two aspartates at positions 86 and 92 are lacking. It has been reported that creation of a calcium-binding site by replacing the other two residues with Asp86 and Asp92 in human lysozyme enhances its structural stability (Kuroki et al., 1989 (Kuroki et al., , 1992 . To provide a detailed elucidation of the evolutionary process of lysozyme acquisition of calciumbinding ability, we designed three mutant human lysozymes of which the calcium-binding sites were partially introduced into residues at positions 86, 91 and 92. We have focused on the interaction of two aspartates with a calcium ion as a model for important pair to obtain calcium-binding ability.
In the field of protein engineering, it is desirable to obtain large amounts of desired proteins with high efficiency. Production of large amounts of desired proteins in Escherichia coli is a first step in structural studies of protein engineering. However, many eukaryotic proteins are often produced in E.coli as insoluble aggregates, inclusion bodies, and these must be refolded to obtain functional proteins. In the refolding process of disulfide-containing proteins-such as RNase A, in particular-disulfide bonds must be rearranged correctly. To date, the refolding of such proteins has been carried out by rapid dilution into aqueous solution containing both oxidizing and reducing reagent (Saxena and Wetlaufer, 1970; Creighton, 1978; Maeda et al., 1994) or by gentle dialysis with such an aqueous solution (Maeda et al., 1995) . In the case of human lysozyme, since it is difficult to refold from inclusion bodies with high efficiency by using these dilution or dialysis methods (Koshiba, unpublished results), we have carried out the refolding process using E.coli thioredoxin, a known catalyst for reducing protein disulfides (Pigiet and Schuster, 1986) .
In this study, Gln86 was replaced with Asp (HLQ86D), Ala92 was replaced with Asp (HLA92D), or Gln86, Asp91 and Ala92 of the human lysozyme were replaced with Asp, Gln and Asp (HLQ86D/D91Q/A92D), respectively. These engineered lysozymes were examined by assaying their bacteriolytic activity, by performing differential scanning calorimetry (DSC), and by assaying their calcium-binding ability using Sephadex G-25 gel chromatography. We found that HLQ86D/ D91Q/A92D was the only mutant lysozyme containing two critical Asp residues and showing the calcium-binding ability, and the effects of these aspartate residues on calcium-binding ability were studied.
Materials and methods

Materials
All enzymes used for genetic engineering were purchased from Takara Shuzo (Kyoto, Japan) or Toyobo (Osaka, Japan). SP-Sepharose FF, Sephacryl S-200 and Sephadex G-25 were obtained from Pharmacia Biotech (Uppsala, Sweden). Micrococcus lysodeikticus for measuring the enzymatic activity of lysozymes was obtained from Sigma Chemicals (St Louis, USA). Oligonucleotide DNA primers were synthesized by Kurabo (Osaka, Japan). All other reagents were of biochemical research grade. Site-directed mutagenesis of human lysozyme Site-directed mutagenesis was performed as described previously (Kumagai et al., 1992; Tsumoto et al., 1994) . The mutations were confirmed by DNA sequencing. Expression and purification of thioredoxin Expression plasmid (pTR100), which was constructed by inserting the gene fragment of thioredoxin, was constructed as described previously (Wallace and Kushner, 1984) . Expression in E.coli and isolation were performed as described previously (Lunn et al., 1984) . Expression and purification of wild-type and mutant lysozymes Expression plasmid (pUT7HL) was constructed by inserting the gene fragment of human lysozyme into the vector, pUT7, which was used for overexpression of α-lactalbumin in E.coli (Uchiyama et al., 1995) . To prepare wild-type lysozyme and its mutants, their lysozyme expression plasmids were transformed into competent BL21(DE3)/pLysS cells. An overnight preculture of transformant (3 ml), supplemented with ampicillin (0.2 mg/ml), was inoculated into 300 ml of Luria broth medium at 37°C and grown to log phase. Overproduction of the protein was initiated by addition of IPTG to a final concentration of 1 mM. The culture was grown for an additional 3 h, and the cells were collected by centrifugation. The pellet was suspended in TE buffer (pH 8.0) and then lysed by sonication for 15 min at 200 W with an Insonator 201M sonicator (Kubota, Inc., Tokyo, Japan). The inclusion body was collected by centrifugation and dissolved in 50 mM TrisHCl buffer (pH 8.0) containing 6 M guanidine hydrochloride, 1 mM EDTA and 650 mM 2-mercaptoethanol. The protein solution was subjected to a column of Sephacryl S-200 (1.6 cmφϫ70 cm) equilibrated with 50 mM Tris-HCl buffer (pH 8.0) containing 6 M guanidine hydrochloride and 1 mM EDTA.
Refolding and isolation of wild-type and mutant lysozymes
The refolding of the wild-type and its mutants purified with Sephacryl S-200 were performed in the presence of thioredoxin (Pigiet and Schuster, 1986) . Thioredoxin (10 ml; 50 µM) was preincubated with 5 µl DTT (5 µM) for 30 min and added to 10 ml of oxygenated thioredoxin (50 µM) immediately prior to addition of 2 ml of each lysozyme (25 µM). Incubation was carried out at 25°C for 4 days. These protein mixtures were dialyzed against 20 mM Tris-HCl (pH 8.0) containing 2 mM EDTA and applied to a SP-Sepharose FF column (0.8 cmφϫ5 cm, Pharmacia). Wild-type and mutant lysozymes were eluted by a linear NaCl gradient from 0 to 0.3 M. The refolding efficiencies, f, were calculated using the following equation:
[mg of refolded lysozyme after refolding reaction] f ϭ
(1) [mg of total lysozyme before refolding reaction]
Enzymatic activities of wild-type and mutant lysozymes Bacteriolytic activity of lysozymes was assayed by the method of Parry et al. (1965) with slight modifications (Kumagai et al., 1992) . Lysozyme was added to 950 µl of a suspension of M.lysodeikticus cells in 50 mM sodium phosphate buffer (pH 6.2) at 25°C. The decrease in absorbance at 540 nm after 1 min was measured and compared with those of the wildtype and its mutants.
Preparation of apo-and holo-proteins
To prepare the apo form mutant lysozymes, each lysozyme was dissolved in 0.01 M HCl. The free calcium ions were removed from the protein solutions by gel filtration with a Sephadex G-25 column (1 cmφϫ15 cm) equilibrated with 0.01 M HCl. The eluate containing lysozyme was collected and lyophilized. Removal of free calcium ions was confirmed by atomic absorption spectra (Hitachi 170-10, Tokyo, Japan) at 422.8 nm.
Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) measurements were carried out with a MC-2 microcalorimeter (MicroCal, Inc., Northampton, USA) at the scan rate of 1.0 K/min. Sample solutions for DSC measurements between pH 4.0 and 4.5 were prepared by dissolving the lysozymes in 50 mM sodium acetate buffer; solutions between pH 1.5 and 4.0 were prepared using 50 mM glycine hydrochloride. The lysozyme concentrations used were 0.9-1.5 mg/ml. The pH of the sample solution was confirmed before and after each measurement. Calorimetric and van't Hoff enthalpies (∆H cal and ∆H vH ) were analyzed using Origin computer software (Microcal, Inc.).
Gel chromatography of lysozymes with calcium ions
Wild-type and mutant lysozymes were dissolved in 50 mM Tris-HCl buffer (pH 7.5) containing 200 µM CaCl 2 and 1 ml of this solution was applied to a Sephadex G-25 column (1 cmφϫ15 cm) equilibrated with 50 mM Tris-HCl buffer (pH 7.5) and eluted with the same buffer. The concentration of lysozymes and calcium ion were determined for each fraction as previously reported (Nitta et al., 1987) .
Estimation of protein concentration
The concentration of the lysozymes were estimated using A 1% 280 ϭ 25.6 (Parry et al., 1969) for human lysozyme and its mutant and that of thioredoxin using A 1% 280 ϭ 11.4 (Pigiet and Conley, 1978) .
Results
Design of mutant human lysozymes with partially introduced calcium-binding sites
To introduce a partial calcium-binding site in human lysozyme, we designed and created three mutant human lysozymes having two critical aspartate residues at positions 86, 91 and 92. The partial sequences from amino acid residues 82-93 of α-lactalbumins, c-type lysozymes from several species and Jollès, 1996 **Jollès et al., 1989 mutant human lysozymes are shown in Table I . The amino acid residue numbers shown are those of human lysozyme. In the HLA92D mutant, the carboxyl groups of Asp91 and Asp92 are present, and this mutant has the same pattern as hoatzin stomach lysozymes 1-2 and hoatzin basic lysozymes 1-3 (Prager and Jollès, 1996) . In the HLQ86D/D91Q/A92D mutant, the carboxyl groups of Asp86 and Asp92 are present, but the other Asp residue has been replaced by Gln91, and this mutant has the same pattern as porcine lysozymes 1-3 (Jollès et al., 1989) .
Expression and purification of wild-type and mutant lysozymes
Wild-type and all mutant lysozymes were obtainable in the E.coli expression system as inclusion bodies and were solubilized and purified by gel filtration using Sephacryl S-200. The yield of inclusion bodies was about 30 mg/l of culture which was estimated by SDS-PAGE (data not shown).
Refolding and isolation of wild-type and mutant lysozymes
In the early refolding stages of denatured proteins, oxidation produces a heterogeneous population of molecules containing random disulfide bonds. The ability of thioredoxin to catalyze the interchange of incorrectly paired disulfides has been successfully utilized to reactivate denatured ribonuclease A (Pigiet and Schuster, 1986 ) and goat α-lactalbumin (Kumagai et al., 1990) . In this study, shown in Figure 1 , thioredoxin efficiently reactivated denatured, inactive, wild-type lysozyme at pH 8.0 to yield a quantitative recovery of bacteriolytic activity. The half time required to obtain 50% of maximal activity, t 1/2 , was approximately 12 h, and the recovery of activity was 100% within 96 h. The optimal thioredoxin system for refolding denatured lysozyme was constructed using an approximately 20:1 ratio of oxidized to reduced thioredoxin and under constant reaction temperature of 25°C. Higher concentrations of thioredoxin (100 µM) further reduced the t 1/2 to about 6 h, but final recovery of activity showed the same value of 50 µM thioredoxin. After dialyzing against 20 mM Tris-HCl buffer (pH 8.0) containing 2 mM EDTA, the protein mixture was applied to a SP-Sepharose column to remove thioredoxin. As shown in Fig. 1 . Kinetics of the refolding of denatured wild-type lysozyme with thioredoxin. Ten ml of 50 µM thioredoxin was preincubated with 5 µl of 10 µM DTT for 30 min, and added to 10 ml of 50 µM thioredoxin that was bubbled with oxygen immediately prior to addition of 2 ml of 25 µM denatured wild-type lysozyme. The refolding reaction was carried out in 20 mM Tris-HCl buffer (pH 8.0) containing 3 mM EDTA and 0.2 M NaCl at 25°C. Figure 2A and B, wild-type lysozyme was eluted successfully by 0.15-0.2 M NaCl (arrows d, e and f), while thioredoxin and some other proteins were eluted in flowthrough fractions (arrows a and b). Refolding and isolation of mutant lysozymes were carried out in the same manner for the wild-type lysozyme. The yields of these mutants were almost identical (15 mg/l) to those of the wild-type lysozyme. Bacteriolytic activities of the wild-type and its mutant lysozymes measured in 50 mM sodium phosphate buffer (pH 6.2) were determined in order to check the structural integrity of these lysozymes. The bacteriolytic activity of each mutant lysozyme was slightly higher than that of the wild-type lysozyme (data not shown). This fact indicates that the partial introduction of calcium-binding site to human lysozyme did not influence the bacteriolytic activity, and it coincides with the result of Kuroki et al. (1989) that enzymatic activity remains nearly unaffected after introduction of a calciumbinding site in human lysozyme.
Differential scanning calorimetry (DSC) of wild-type and mutant lysozymes
In order to determine the thermodynamic parameters of unfolding, DSC measurements of the wild-type lysozyme were carried out at acidic pHs between 1.8 and 4.5 in the absence of calcium ions. Unfolding temperatures, T m 's, for the wildtype lysozyme decreased with the decrease of pH, as shown in Table II . The calorimetric enthalpy (∆H cal ) and van't Hoff enthalpy (∆H vH ) for the unfolding of the wild-type lysozyme was obtained directly from excess heat capacity curves. These results are also summarized in Table II . The average ratio of ∆H cal to ∆H vH in the wild-type lysozyme was 1.08, indicating a two-state transition (Kidokoro and Wada, 1987) . The temperature dependence of ∆H cal of the wild-type lysozyme is shown in Figure 3 . The data of ∆H cal are taken from Table II. The ∆H cal of the wild-type lysozyme can be expressed as a linear function of temperature with a slope of 1.71 kcal·mol -1 ·K -1 , and this value, i.e., the ∆C p value, was also used for the mutant lysozymes. Table III shows the thermodynamic parameters of the wild-type, HLQ86D, HLA92D, HLQ86D/D91Q/A92D and HLQ86D/A92D lysozymes in the presence of calcium ions at pH 4.5. The ratio of ∆H cal /∆H vH for these mutant lysozymes were 1.05Ϯ0.04, also indicating a two-state denaturation. The T m values of the wild-types, HLQ86D and HLA92D ,were not affected by increases of calcium ion concentration. In particular, the T m values of the wild-type and HLQ86D were slightly decreased at 50 mM CaCl 2 . These results indicate that the thermal stabilities of wild-type, HLQ86D and HLA92D were not dependent on the concentration of calcium ions. In contrast, each T m value of HLQ86D/D91Q/A92D and HLQ86D/A92D were found to depend on calcium ion concentration. The T m values of HLQ86D/D91Q/A92D and HLQ86D/A92D increased with an increase of calcium ion concentration, and that of HLQ86D/D91Q/A92D in the presence of 50 mM CaCl 2 was 73.30°C which is about 4°C more stable than that of HLQ86D/ D91Q/A92D in the absence of calcium ions. The calcium ion dependence of the T m value of HLQ86D/A92D was similar to that found by Kuroki et al. (1992) . These results indicate that, of the two critical Asp mutant lysozymes, only HLQ86D/ D91Q/A92D was thermally stabilized by addition of calcium ions and acquired calcium-binding ability. Figure 5 shows the calcium-binding ability of the wild-type and its mutant lysozymes examined by assaying their calciumbinding ability using Sephadex G-25 gel chromatography at pH 7.5 and 25°C. The HLQ86D/A92D mutant was eluted with equimolar calcium ions, indicating that this mutant binds one calcium ion, as shown in Figure 5A . Bovine α-lactalbumin, which is known to be a calcium-binding protein, was also applied to the Sephadex G-25 column and the same result was obtained as for this mutant (data not shown). The wild-type, HLQ86D, and HLA92D were also applied to the Sephadex G-25 column as shown in Figure 5B . These lysozymes and the calcium ion were clearly separated, indicating that these lysozymes do not bind any calcium ion. While the chromatographic pattern of HLQ86D/D91Q/A92D was different from both Figure 5A or B. In Figure 5C , the calcium ion was eluted as two peaks. The calcium ions of the first peak were bound to the mutant lysozyme when free calcium ions, which eluted as the second peak, were present. After the separation from the free calcium ions, the bound calcium ions dissociated and formed the first peak. The calcium binding constant of this mutant can be estimated to be more than 2ϫ10 4 M -1 .
Confirmation of calcium-binding ability at neutral pH and at room temperature
Discussion
It has been suggested that calcium-binding lysozymes have evolved from non-calcium-binding lysozymes (Nitta and Sugai, 1989; Prager and Jollès, 1996) . Calcium-binding lysozymes have three critical aspartate residues, Asp86, Asp91 and Asp92, as ligands of a calcium ion, and the acquisition of these carboxyl groups has been suggested to be the most important factor in the appearance of calcium-binding ability in noncalcium-binding lysozymes. Based on the X-ray crystallo- graphic results for certain α-lactalbumins and calcium-binding lysozymes, it is believed that these three critical aspartate residues are indispensable for the interaction between the bound calcium ions and calcium-binding lysozymes (Acharya et al., 1989; Pike et al., 1996; Guss et al., 1997) . It seems reasonable that calcium-binding lysozymes acquire 687 these three critical aspartate residues in a stepwise fashion, rather than simultaneously. It can be speculated that an intermediate calcium-binding lysozyme, having two of the three aspartate residues (Asp86, -91 and -92) and only weak calciumbinding ability, developed in the evolutionary process from a non-calcium-binding to a calcium-binding lysozyme. In order to examine this evolutional hypothesis, we analyzed the calcium-binding abilities of mutant human lysozymes with partially introduced calcium-binding sites by using differential scanning calorimetry (DSC) and Sephadex G-25 gel chromatography.
To investigate the thermodynamic parameters of mutant human lysozymes, it was necessary to obtain considerable quantities of lysozyme samples. We therefore developed an overexpression system of mutant human lysozymes in E.coli as an insoluble aggregate, inclusion bodies, and a refolding system using E.coli thioredoxin. This system has three advantages. First, although some mutant lysozymes are secreted inefficiently by yeast, probably due to a failure to fold correctly in vivo (Taniyama et al., 1988; Kanaya et al., 1993) , it is possible to express these lysozymes in considerable quantity using the overexpression system. Second, the refolding system allows for an effective refolding of the lysozymes (f ϭ 1, from Equation 1), achieving a 100% recovery of activity within 4 days (Figure 1) . Using dilution methods, for example, the refolding yield of lysozymes from inclusion bodies was Ͻ5% compared with this refolding system (data not shown). Third, lysozymes can be easily isolated from the protein mixture using a gradient elution (Figure 2A and B) . Thus, this system should provide sufficient material for a wide range of studies on a laboratory scale.
Accurate parameters of the melting temperature (T m ), enthalpy change (∆H) and heat capacity change (∆C p ) for the unfolding of a protein can be obtained directly using differential scanning calorimetry (Privalov and Khechinashvili, 1974) . From these values, all of the thermodynamic parameters in the unfolding of a protein at a given temperature (T ) can be calculated using the following equations:
where T m is the melting temperature and ∆C p is the heat capacity change which is assumed to be independent of temperature. The thermodynamic parameters for the unfolding of the wild-type, HLQ86D, HLA92D, HLQ86D/D91Q/A92D and HLQ86D/A92D at pH 4.5 were obtained according to Equations 2 to 4 using the data shown in Tables II and III. The parameters obtained are shown in Table IV . The ∆G value for each mutant lysozyme is negative at 73°C without calcium ions. In this table, the ∆H values for the mutants are all smaller than that of the wild type. In addition, the T∆S values for the unfolding of the mutants are also all smaller than that of the wild type. These evaluations indicate that the major term to destabilize the native structure is enthalpy. Entropy seems to compensate only partly for the enthalpic destabilization of the mutant lysozymes. As the result, the T m values of all the mutant lysozymes are smaller than that of the wild type. The decrease in the unfolding enthalpy is introduced by the introduction of Asp residues into the calcium-binding site. Lysozyme is an extremely basic protein, and there are many positive charges on the lysozyme. As a result, the apparent pK a of the Asp residues is lowered due to the electrostatic effect, and a considerable number of the carboxyl groups are deprotonated at pH 4.5 (Tanford and Wagner, 1955) . The electrostatic repulsion between these Asp residues can be the origin of this decrease in the unfolding enthalpy. The decrease in entropy that comes as a result of the mutation to Asp residues in the calcium-binding site can be considered to be a decrease in the chain entropy of the elongated state, due to electrostatic repulsions between the negatively charged Asp residues. Because the ∆H cal /∆H vH ratio for wild-type and mutant lysozymes is nearly equal to unity (Table II and III) , the unfolding of these lysozymes as a two-state unfolding can be described as:
where N and U represent the native and the completely unfolded states, respectively, and K 0 is the equilibrium constant of unfolding in the absence of a calcium ion. In cases where the calcium ion can bind only to the N conformer, the following additional binding reaction is introduced as:
where K Ca is the calcium-binding constant for the N state. The apparent equilibrium constant (K app ) for the unfolding of the protein is expressed as:
where K 0 and K app are calculated from the ∆G(T ) values obtained from Equations 2 to 4 with and without added calcium, respectively. An equilibrium constant (K ) and the corresponding Gibbs free energy change [∆G(T )] of unfolding can be expressed as:
where R is the gas constant.
The apparent equilibrium constant (K app ) of each mutant lysozyme at 73°C was plotted versus calcium ion concentration as shown in Figure 4 . The equilibrium constants of HLQ86D/ D91Q/A92D and HLQ86D/A92D were dependent on the free calcium ion concentration, while those of the other two mutants, HLQ86D and HLA92D, were not dependent. The theoretical curve 1 is evaluated with Equation 6 using the fitting parameters K Ca ϭ 2.25ϫ10 2 M -1 and lnK 0 ϭ 1.86, and fits the experimental data for HLQ86D/D91Q/A92D well, as shown in Figure 4 . Similarly, the experimental data for HLQ86D/A92D is fitted to the theoretical line 2 with the fitting parameters K Ca ϭ 8.21ϫ10 4 M -1 and lnK 0 ϭ 6.01. These fitting parameters are obtained with the least-squares methods, and the calcium-binding constants are summarized in Table V . The calcium-binding of these mutants was further confirmed by Sephadex G-25 gel chromatography. The condition of chromatography was pH 7.5 and 25°C and the results shown in Figure 5C indicate that HLQ86D/D91Q/A92D could bind a calcium ion. To the contrary, the wild-type, HLQ86D and HLA92D showed no calcium-binding ability ( Figure 5B ). Recently, Anderson et al. (1997) have demonstrated that the aspartate residue, which is positioned at 82 (which corresponds to 86 in the human lysozyme sequence) is not essential for calcium-binding ability in bovine α-lactalbumin when this residue mutates to alanine. However, the present results suggest that it is indispensable to have at least two aspartates at positions 86 and 92 for lysozymes to acquire a calcium-binding ability. Moreover, it has been reported that the calcium-binding constants of the wild-type and HLA92D lysozymes by using batch microcalorimetric titration at pH 7.5 and 25°C were 2(Ϯ1)ϫ10 2 M -1 and 8(Ϯ2)ϫ10 3 M -1 respectively (Haezebrouck et al., 1993) . With these results, the calcium-binding constant of HLQ86D/D91Q/A92D at pH 7.5 and 25°C will be estimated to be a larger value than that of HLA92D.
Within the lysozyme c superfamily, porcine lysozymes 1-3 have two aspartates and one glutamine at the calcium-binding site (Table I) . These lysozymes have the same amino acids pattern found in HLQ86D/D91Q/A92D at positions 86, 91 and 92. The present results also suggest that porcine lysozymes may have weak calcium-binding ability, although these lysozymes are categorized as non-calcium-binding lysozymes (Prager and Jollès, 1996) .
From the present study, the following mechanism for the acquisition of a calcium-binding site can be proposed. When a lysozyme lineage acquires a calcium-binding ability, the three critical aspartate residues are probably acquired not at once but in a stepwise fashion. When an ancestral lysozyme acquired only one aspartate at the binding site, the lysozyme would have had no binding ability, as with human and other primate lysozymes of the present day. When it acquired another aspartate, it might have had binding ability, depending on the position of the aspartate residues, according to the present study. Lysozyme is an extracellular enzyme, and extracellular body fluids usually contain around 1 mM calcium. The contribution of calcium-binding to the unfolding free energy, ∆G Ca , can be estimated from Equations 7 and 8 as:
If the calcium-binding constant of the intermediate lysozyme having 86D and 92D is 10 4 M -1 (present study; Haezebrouck et al., 1993) , the lysozyme gains a conformational stability of about 1.3 kcal/mol in the extracellular fluid at mild temperatures. In the case of HLQ86D/A92D or wild-type calcium- binding lysozymes and α-lactalbumins, the calcium-binding constants are as high as 10 7 M -1 , and the stabilizing free energy is 5-6 kcal/mol in such a fluid. In the case of an ancestral lysozyme with 86D/91X/92D, the excess stability of 1.3 kcal/mol should have been lost after or during the fixation of the calcium-binding site in a species because it is only necessary for a protein to maintain a marginal stability. One way to lose this excess stability would have been to lose one of the two aspartate residues, with a mutation back to one aspartate mutant. Another way would have been for a mutation to occur at any part of the lysozyme other than the calcium-binding site. In the latter case, the calcium-binding site could be regarded as fixed because if one of the aspartate residues (86D or 92D) was lost, the ancestral lysozyme would be less stable than the usual wild-type lysozyme. Perutz (1984) has proposed that once a function is no longer needed, any mutation that inhibits the function becomes fixed.
In the case of 86X/91D/92D or 86D/91D/92X lysozymes, there would have been no stability gained due to calciumbinding, and there would even have been some loss of stability due to the electrostatic repulsion between the two aspartate residues. In this case, a loss of one of these aspartate residues would be more probable than acquiring another aspartate residue to gain full calcium-binding ability in evolutionary history. Accordingly, it might be probable that the ancestor of a calcium-binding lysozyme acquired a calcium-binding ability through a two-aspartate intermediate lysozyme (86D/91X/ 92D). Because excess stability of 1.3 kcal/mol is relatively small, however, we can only say that this 'might be probable.'
